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ABSTRACT

In the Tandem Mirror Experiment Upgrade (TMX-U), the formation of a
thermma!l barrier and the potential plugging of ion end 10sS were achieved at
centrai-cell densities up to 2 x 10]2 cm—3. The presence of a thermal
barrie~ was confirmed by direct measurement, and ion axial-confinement times
in the range 50 to 100 ms were measured. The ECRH 11 the end cells (a)
initiates plasma startup, (b) generates hot, mirror-confined electrons to form
therma! barriers, and (c) creates the plugginc potential for central-
cell ions. The ECRH system consists of four /00 kW, 28 GHz gyrotrons each
feeding power to a separate neating location - two in each end plug).
Fundamental heating is used at the potential nlug, and second harmonic is usSed
in the thermal barrier. Hot-electron plasmas are produced at total end-
cell antenna power levels up to 300 kW. Stronc single-pass absorption and net
hot-electron neating efficiencies exceeding 41)% are observed. Hot-
electron parameters achieved are: n

/n up to 0.8, volume-average beta

eh

<B>= (.15, ana Tx {x-ray "tail" above 40 keV) in the range 75 to

et

200 kev.



We employ ICRH to heat central-cell ion<. For ion heating in the
frequency range 1.7 to 4 MHz, the ICRH antenna launches the slow wave for
fundamertal absorption at power levels up to 100 kW. At a central density
n_ =2 x ]0]2 cm'3 and frequency wﬂ”ci = 0.8y «t the antenna, 100 kW

antenna power produced & mean perpendicutar ior temperature T1c1 = 1.5 keV

with overall efficiency of 40%.

Introduction

The ECRH is employed for plasma heating in tandem mirror devices with
thermal barriers to improve plasma confinement /1/. The ICRH is useful for
heatinc central-cell ions and is important particularly during startup for
increasing the ion temperature at low density when neutral beam heating is
inefficient.

We compare a tandem mirror with thermal barriers to a standard tandem
in Fig. 1 /2/. In the latter device, reduction of certral-cell ena losses
by potential plugging is accomplished by increasing the end-cell density
(np) above the centrai-cell density (”u)' fhe plugging potential is
given ny a Boltzmann relation, ¢C = Te In n{/r(, where Te is the
electron temperature. An improvement in confinement by a factor 10 for this
imode of operation over unplugged flow confinement was demonstrated in tne TMX
device /3/.

With the addition of thermal barriers and localized plug electron
heating, the confining potential can he createcd with plug density lower than
centrel-cell density. The lower plug density relaxes technology constraints

and 1mproves the economics for a tandem mirrcr reactor.



The thermal barrier is created by a mirror-trapped population of hot
electrons heated by ECRH. Replacement of non-trapped electrons (passing
electrons) by mirror-trapped electrons causes the potential at the well
bottom to decrease because trapped electrons are well confined. The depth
of the potential dip is determined by the fraction of electrons that are
mirror-trappea in the barrier {(v0.8 for TMX-U). The thermal barrier
(potential dip) isolates central-cell electrons from electrons beyond the
barrier. If these electrons are heatec by tCRH, the potential is driven up
by the increased loss rate of electrons until the jon- and electron-10ss
rates are made equal. The electron density beyond the barrier 1s set by the
density of energetic sloshing jons created oy neutral beam injection. 1he
energetic ions are required for MHD stepility and, in addition, their
sloshing character improves ion microstabiltv.

Maintenance of the thermal barrier against collisional filling by ions
that circulate between the central cell and end plug is achieved by charge-
exchange "pumping" on the injected sloshing-ior neutral beams. The maximum

pumping rate determines the relation between central-cell ion density and

temperature (filling rate « n2/T§éZ), (entral-cell neutral beam
heating, as well as [CRH in the centra: ce:l., serves the important function

of increasing the central-cell jon temperature as density is raised to
decrease barrier filling by reducing 10n coHliisionality.

The TMX-U experiment was designed to te<t the thermal barrier
principle. A schematic of the experiment is shown in Fig. 2. Four 28 Ghz,
200 kW pulsed gyrotrons are used tor electror neating; fundamental heating
is used in the plug {5 = 10 kG at the high potential region) and 2 Wee
harmonic heating in the thermal barrier (E = 5 kG}. For ICRH experiments

reported in this paper a maximum 100 kW transmitter power with frequency in

the range 1.7 to 4 MHz has been usecd.
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There are 24 neutral beam modules ori the experiment with nominal
operating parameters of 17 kV and 50 A per module for deuterium operation.
In each end cell, six beams are injected at 47 10 the magnetic axis to
generate sloshing ions. Three beams are avarleb e in each end to inject
into the loss cone for auxiliary charge-exchance pumping of the thermal
barrier. The remaining six beams fuel and hea! the central-cell plasma.

In this paper we sunmarize our initial experiments on using ECRH for
startup of the thermal barrier. Formation ot tne thermal barrier and
potential plugging of ion enc losses was achieved at central-cell densities
up to 2 x 10]2 cm-3. This density 1s dictated by the requirements on
ECRH and ICRH power and by the maximum availab'e neutral-beam pumping rates
against thermal barrier filling. The FURH power required for trapping and
heating hot electrons, in competition against ~cllisional losses, scales as
PECRH « nz/T;/g. During startup when temperaiures are initially low,
the density must also be low for efficient heating. As rf power coupled to
the plasma was increased, we were able to reise plasma density in both the
central! cell and the end cells. Future experiments will continue to

: : . : : 43 -3
increase the centrai-cell density to « to 4 x 107 ¢cm ",

ECRH and [CRH Heating Systems

Two different ECRH transmission and antenna systems were used on the
experiment. The first system used an &-arm phase-velocity coupler designed
to couple TE02 gyrotron power into WR4: single-mode waveguide /4/.
tach waveguide (A3 m in length) was connected ty a hiyhly directional
microwave horn for illumination of the plasma. Figure 3 shows a schematic
of eacn system used for plug and thermal barr:er heating in one end cell.

At both locations, the wave was launched with extraordinary mode

polarization.



For fundamental heating this required high-fiela launching of the wave
for accessibiiity to the resonant magnetic surface. Vacuum barrier windows
were located near the ends of the waveguiaes. The plasma 1s highly
elliptical in cross section at fundamental resonance because of the
quadrupole fields (min-B) needed for MHU stability of the plasma.

The 8-arm coupler system delivered v50% of the gyrotron tube power to
the antennas (v70% waveguide transmission ard ~.7u to 75% coupler
efficiency). The typical operating antenna-power level per system was 50 to
60 kW, limited by component arcing and window “ailure.

To reduce system losses and to allow operation at full gyrotron power,
we replacea each 8-arm coupler system with &4 large waveguide transmission
system, mode converter, and polarizing antenna. The thermal barrier system
w =2 mce) 1s sketched in Fig. 4. Gyrotron power 1s convertea from
the TELP to the TEO] mode in a ?-1/2-1n. waveculce using an m = 0
rippled-wall mode converter /5/. 1lhe waveguice output illuminates a
focusing twist reflector, shown in Fig. 5, which converts the TEU] mode to
linear polarization and focuses the power onte the plasma /6/. The
percentage of beam power from the plate in the extraorainary moae is about
Y5%. Routine operation up to 200 kW of gyrotron output was achieved with
this system, with 85 to 90% of tube power in <he desired polarization.

For plug heating (w ~ w a Vlasov-type polarizing reflector

ce)»
/7/ 1s used in place of the twist retlector. This system includes a down
taper to 1-3/8 in. waveguide, corrugated wavequide 90° bends for the

TEU2 mode /8/ and a rippled-wall mode converter (TEUZ > TEO])’ followed
by the Vlasov reflector. We have operated the system to over 100 kW of

antenr:a power.



For the ICRH experimental results reported in tnis paper, the antenna
shown in Fig. 6 was used, The antenna windinu consists of two opposing 170°
segments, each consisting of 3 turns, neninc a coubie-iayer Faraaay shield.
This antenna was used at 100-kk-power ievel for the freqguency range 1.7 to 4
MHz. Ion heating in the central cell occurs using «ltow wave heating at the

fundamental for deuterium.

Thermal Barrier Formation and Plugging of lon tnd Loss

Formation of a thermal barrier and pluggic of ion end loss requires (1)
a hot, mirror-trapped electron population, (7. « slosning ion-population, and
(3) ECKH at the outer peak of the slosning ion popuistion. An experimental
shot that demonstrates plugging of ian end 1ost and that shows the time
sequenca of the experiment is shown in [ig. 7. Ine experiment is initiatea by
ECKH breakaown of a gas source in the central cell. dot-electron diamagnetism
rapialy increases in the end plug. At 2?5 ms, tte sioshing neutral-beam
sources are turned on. After several ms the iarn end iosses start to decrease,
as measJred by a Faraaay cup array. 1ne time reguirea for strong reduction of
end losses equals the buildup time for tne slo<hing ilons, Plugging persists
for 20 ms until turnoft of the ECRH power. usuring plugging, the continement

time for ion end loss 1S 1.

v 50 to 120 ms. on end in0sses then

rapidly increase on a time scale vl me. The t e sceie for loss of plugging
is consistent with estimated electron-electrun scattering times.

The requirement that a large percentage ¢! electrons be mirror-trapped
for plugging to occur is demonstrated in Fic. . Tne not-electron density,
calculated from a measurement of hot-electron «iamagnetism and a measurement
of temperature by a calibratea radiometer, 1¢ niottec as a function of total

agensity in the thermal barrier for shots witn and without plugging. With one



exception, plugging occurs only for shots with “h/ntot > 0.8, in good
agreement with the thermal barrier plugging model.

In Fig. 9 we show the results of direct wmeasurements on a single shot of
the potential profile auring plugging /9/. Tnese confirm the existence of a
thermal barrier and a potential peak. The measurements were performed by
operating the experiment single-ended with plugging in one end cell. For the
measurement, we used three gridded end-1css analyzers, whose ion-repelling
gria is swept in voltage to measure ion energy «distributions, and a 5-keV
neutral beam injected into the loss cone of the end cell.

On the end without plugging, Analyzer 1 measured the energy of escaping
ions from the central cell. These ions escape with a minimum energy equal to
the central-cell potential, b, = 1 kV. Analyzer 7 measures the energy of
ions born by charge exchange on a 5-keV rieutral beam injected at the plugging
ena. Charge exchange on this beam extends from just beyond the thermal
barrier minimum to the central cell. lnese 1ons have energy
b - ¢p < By -5 <o, Thus, the depti of the narrier, as well as a
second indepenaent measurement of ¢e’ 's obtained. The measured depth
of the barrier was b = Oy T 500 V. rnally., Analyzer 3 measures
tne energy of ions escaping out the pluggina end. For this measurement, the
peak potential ¢p exceeded 2.4 kV, the Immitinc voltage available on the
ion-repeller grid. The measured potentials, witn error bounds of + 100 v,
agree with the predictions of the thermal barrier model.

TABLE T summarizes the plasma parameters for which ena plugging was
observed. Uther measurements showed piugging when the central-cell density

exceedeu the plug density by a factor '. a result which further supports the

thermal barrier mode?.



TABLE 1. Plasma parameters for end-loc<c pluggirg.

Region Parameter Range of values

Central cell Density, n¢ Up te 2 X 1012 cnr3
Electron temperature. ", 30 - 200 eV
Ton temperature, T;. 5C¢ - 200 eV
Plasma potential, ¢e Up =c 1400 V
Confining potential, 4, > 40 v

Potential plug Density, np Y - ¢ x 1012 ¢or3
Potential, p > 7400V

Thermal barrier Hot electron fraction, ngp/n VLY .
Hot electron density, nep > . ox 1012 gm‘3
Temperature, Tep 30 - 200 keV

Barrier depth, ¢ - dp Up to 600 V

* Lower limit estimated from X-ray spectrea above 49 kV,
Hot electron "taii" temperature from x-ray specira above 40 kV,

Hot-Electron Production by ECRH

The generation of the hot-electror component in the thermal barrier was
studied theoretically and experimentel'y fur a range of plasma parameters.
Fokker-Planck and Monte-Carlo computer cal-uiations give insight into the
heating processes /10/. Fundamental FCRH, ir additicn to creating the
potential peak, is pelieved to be important for supp ying the “"feed"
population for the thermal barrier eiectrons Colit passing electrons from
the central cell are trapped by strong rf diffusios in the end cells. In
TMX-U, with power injected only at the fundamentati, =lectrons are rapidly
heated to average energies in the range of 4 to 1) keV, as deduced from
measurements of diamagnetism and density. Trese electrons in turn are
further heated to much higher energy bty horminic neating near the magnetic

minimum,

o
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The primary diagnostics for hot electrons are aiamagnetic loops, x-ray
bremsstrahlung, radiometers looking both perpendicular and near parallel to
the magnetic field to measure plasma emission, and interferometers to
measure plasma line density.

The scaling of hot-electron beta with ECRH power is plotted in Fig. 10.
The volume-averaged beta <B> increases in proportion to antenna input
energy over more than an order of magnitude. The time variation of
aiamagnetism for the largest hot-electron beta observed in TMX-U is also
shown in the figure. This shot achieved 15% average beta, even though
equilibrium was not yet achieved with 50 ms duration of ECRH power. For a
140-11tre hot-electron volume, the net conversion efficiency from rf power
to stored energy was U.42 during the initial use. The final ratio of stored
energy to input energy was 0.30. More typically it is about 0.15.

To determine the axial extent of the hot electrons, we usea an array of
three diamagnetic loops, spaced along the magnetic axis. These measurements
fit a Gaussian of 64 cm half-width scale length. For the raaial dimension,
a scraper probe was moved radially for a series of shots. A parabolic
radius of 20 cm 1s inferred from the diamagnetic loops. A simultaneous
decrease 1in perpendicular plasma emission is in agreement with the loop
data. The resulting density-weighted, hot-electron volume is Vi, ::(J;-64)
1(20)" =140 litre.

From Fokker-Planck calculations, we found buildup of hot electrons by
rf trapping of passing electrons to be dependent on central-cell density
/10/. 1f the density is too low, trappinc ic source limited. If density is
too high, tne trapping efficiency decreases because of collisional losses.
These effects are shown in Fig. 11 with ECRH power as a parameter. The

heating rate is measured from the rate of rise of diamagnetism at constant



density. For the 8-arm coupler system and 50-kw antenna power at both
resonances, maximum efficiency occurs for a central-ceil density

ne < 1 x 1011 cnf3. At four-times higher power in the thermal barrier,

using the large waveguide system, the neak et clency occurs at density
ne< 1« 10 aid. At the higher power level, centrai-cell

electron temperatures measured by Thompson scaitering were in the range 40
to 100 =V. As electron temperature increases with improvea plasma
confinement, the density for peak heating effiiiency is also expected to
increase.

The theoretical single-pass fractional absorption of ECKH power in the
thermal oarrier is near unity for TMX-U hot-electron aensities. This is
confirned by measurement ot beam transmission 1i the thermal barrier using
an array of waveguide probes located con the plasma s:de opposite to the
twist reflector antenna. These waveguices view transmission tnrough chords
of the plasma.

We show in Fig. 172 diamagnetism, thermal oarrier ECRH transmission
through the plasma center (y = 0), plasma line density, and perpendicular
plasma emission for a shot that reaches a max mum bete, <8> = 0.09.
before gas breakdown, the unattenuated receiver ECKkH power is 200 W.
Loinciuvent with the rise of diamagnet:sim, tnere iS an abrupt aecrease of
transmission. For tne remainder of tne pulse. trarsmission varies from
about sero to 40%. rluctuation of transmissicn correiates with variation in
the diamagnetism rate of rise and the {ine aersity. Plasma emission
initially rises rapidly and then increases more slowly after 20 ms. The
non-thermal burst emissions seen in tne 35-GH: radiometer signal are

evidence for hot-electron microinstability. riowever, no large losses or

limits on heating were observed because of these instabilities. Following



turnoff of the thermal barrier ECRH at 55 ms, the diamagnetism decays even
though the fundamental power is left on until hb ms.

The ECRH transmission through plasma chords is generally greater than
through the diameter, which is consistent with peaking of hot-electron
aensity on axis. Measurements of x-ray bremsstrahlung spectra at energies
greater than 40 keV reveal a hot-electron "tail" temperature reaching
176 keV at the end of the pulse. The density of the tail corresponds to
ox 10]] cnf3, an estimatec 30 to 40% 2f total density. At electron
temperature above 50 to 75 keV, the interferometer is not an accurate
measurement of density because of relativistic corrections in the dielectric
constant /11/. Thus, the interferometer data decays more rapidly than the
diamagnetism because of loss of lower energy electrons.

X-ray temperatures ano densities measured for other shots vary over the
range 75 to 200 keV ana up to 1.5 x 1012 cm-3, respectively. The x-ray
spectra below 40 keV was not measured for this agata. We expect a
non-Maxwellian hot-electron distribution from the Fokker-?lanck ana Monte
Carlo moaels. Thus, we believe that the hot-electron density estimated from
present x-ray data is a lower limit on total mirror-trapped aensity.

We calculated absorption in the tnermal barrier, using a relativistic
ray-tracing code which includes harmonics ¢ 3“2 /V2/. Preliminary
calculations obtained by using an approximate model for the TMX-U magnetic
field are plottea in Fig. 13. These calculations were carried out for a
constant density n = 1 x 1t]2 cm-3 anc for temperatures from 5 to 100 keV,
As the temperature was increased, the effect of plasma beta was simulatea by
reaucing the magnetic field uniformiy by « factor 1_fﬂZ§;f_ The microwave
beam 1s launched near the magnetic minimum (z = 0) through the thin siue of
the plasma fan. The waveguide array that views the transmitted power

samp es rays for N << 1,



From the calculations we see that refraction is negligible and that
absorption is strong, even for Te =5 kev. Ini. 1s due to the large
magnetic scale length Lb = 500 cm. As temperature increases, absorption
first decreases and then increases. At 100 keV. abscrption is strong and
insensitive to spatiai location. While these model calculations are only a
rough approximation to the TMX-U experinent, trey are consistent with

experimental measurements and predict apsorplicr of tne same order of

magnitude.

Central-Cell Heating by ICRH

Experinents to heat central-ceil 1ons in tne low density range of
1012 cn_3 were carried out using the ontenne snown ir fig. 6 /13/. Une
aavantage of ICKH 1s the efficient ion healing ol low density, which aids
thernal barrier startup when neutral beam trapoing erficiencies are low.

Ir TMX-U we couple up to 100 kW of transmitter power into the antenna

. . 12 -3
at densities up to ¢ x 107 ¢ 7. A dgala stot at 10U ki of antenna

17 -5 . .
power and central-cell density of 2 x 1 ° vm ~ is shown in Fig. 14.

Tne transmitter frequency was 2.48 MHz, corresponding to w/wci = 0.85
at the antenna and 1.06 at the centra'-cell miaplane. ULuring the rf pulse,
the mean perpendicuiar ion temperature, as mecsured by diamagnetism,
increased to TiCJ = 1.b kev. Of the total 10t «W antenna power, 772 kW was
radiatad and 40 kW appeared as ion dicmagneti ., an overall ion-heating
efticiency of 40%. lon litetimes wer= in the -ange ¢ to 4 ms, which we
believe is 1wmiteu by charge exchange snd ¢ leciron arag.

Uuring the rf pulse we also measure ar approximate increase by a factor

ot 2 1n parallel ion temperature, from 75 to i=U eV, for ions lost out the

ends. Since ions are heatea by ICRH near the magnetic fiela minimum, their
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anisotropy is large, T. ~>> T During the average lifetime of 2

ic! ich®
Lo 4 ms, there is insufficient collisional angular scattering to reach a
agistribution that fills out to the mirrors, even though an off-miagplane
diamagnetic loop shows evidence of angular broadening. We believe this

accounts for the smaller increase of paralle! “on energy for escaping ions

compared to the increase in perpendict:lsr energy.

Sumniar v

Our initial experiments to improve tandem mirror confinement with
therma! barriers confirm the essentia!l features of the thermal barrier
model. We have measured both the dip in potential at the barrier and the
potential peak in the end cell that exceeds the central-cell potential, Hot
mirror-confined electrons in the thermal barr-er, a sloshing ion population
in the end cell, ana electron heating 3t the outer peak of the slashing ions
are required for plugging of ena losses. wxiil ion confinement times

T in the range 50 to 100 ms were measurec. uvepending on operating

il
conditions, non-anbipotar radial transport continement times ranging from 5
to 100 ms were observed. because th s radial transport appears most
stronyly driven by tundamental ECkh, we ars explioring more uniform and
azimuthally symmetric heating scheme«.

heneration of not electrons by using ZCkH anu heating central-cell ions
with [CRH was achievea with efficiencies up o 40%. As the rf power was
increased, the central-cell and end-cell aen<ity for end-loss plugging was
also increased, Figure 15 summarizes operation at higher central-cel)
density with increases in ECRH and TURH powe: .
Ne expect further increases in density ny {a) improvement in plasma

core heating by reorienting neutral peams in the central cell, (b)
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improvement in central-cell vacuum to reduce losses against charge exchange,

and (c) adaition of a second [CRH antenna system, a slotted antenna /13/ of

1mproved efficiency, to the central cel! to increase rv heating power.
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Fig. 3. Microwave antennas in end cell of TMX-U powered by 8-arm coupler.

The plasma cross-sections are shown at each heating location.
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shield (past experiments)

/—Plasma limiters
(either side of antenna)

| _—170°, 3 - turn
loop antenna

——— Antenna box

/

Single-layer
Faraday shield
(future experiments)

. )
Fig. . ICRH antenna for TMX-U central cell heating. Two 170" segments

are driven in series.
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Fig. 7. JIon end-loss plugging in TMX-U for thermal barrier mode of

operation.
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Fig. 8. Correlation of hot-electron density against total density in the

thermal barrier for shots with and without plugging in TMX-U.
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Diagnostics: simultaneous measurements with
3 electrostatic ion analyzers

ELA7_ Energy of
— 1. plasma ions %A:;
ELA2 E f 3
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neutral
beam

Center cell
gas feed

Theoretical concept
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Measured axial profile f\ P
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¢ ELAT ¢, =1.0kV / 5
*~—————— - __ / \
L ELA2 ¢ ~05kV \.Wall

Fig. 9. Potential measurements in TMX-U confirming existence of therma)
barrier and potential peak. The measured depth of the thermal barrier is

b - ¢b25500 V.



TMX-U hot electron beta increases with

ECRH power and pulse length
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Scaling of hot-electron beta with ECRH energy input.
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Largest TMX-U hot electron diamagnetic signal
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® Beta limited by ECRH pulse duration
o Stored energy = 2.3 kilojoules (120 cm length)
® Conversion efficiency = 42%

A shot with

15% average beta is shown, with 42% initial heating-rate efficiency.
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Fig. 11. Variation of hot-electron heating rate in the TMX-U end cell as a

function of central-cell density and ECRH power. Plug densities for the

2/1/84 data were in the range 0.7 to 3 x 10'2 em 3,
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Fig. 12. Typical high-beta hot-electron buildup showing strong ECRH
absorption in the thermal barrier and correlation with fluctuations in

diamagnetism. Radiometers measure hot-electron emission and non-thermal

bursts associated with (weak) instability.
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Fig. 13.

TMX-U with constant density and varying temperature.
(kG) are noted, as are absorption contours of 60% and 90%.

along the rays and the corresponding absorption are: |

3 =40%, 4

60%, 5

= 12 -3 _ -
ne—1 X 10" cm ,Rp—» 15 cm, Lp~72cm

Ray tracing calculation of absorption in the thermal barrier of

Constant B contours

The numbers

10%, 2 = 20%,

80%, 6 = 90%, and 7 = 99%.
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Fig. 14. Heating of jons with ICRH in the TMX-U central cell, showing (a)
central density, (b) ICRH antenna power, (c) central-cell ion perpenaicular
temperature deduced from diamagnetism and density, ana (d) parallel

temperature of ion end loss.
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Fig. 15. Increases in central-cell density for plugging, which results from

improvements in the plug vacuum and increases in ECRH and ICRH power.



